The increased availability and high adoption rate of glyphosate-tolerant crops have selected for several glyphosate-resistant weed species. The response of representative weed species to glyphosate was assessed to provide insights and tools for optimizing glyphosate use for economic, agronomic and environmental reasons. Anoda cristata, Chenopodium album, Digitaria sanguinalis, Eleusine indica and Portulaca oleracea were grown outdoors in pots containing commercial potting medium. An increasing dose of glyphosate was applied to these species at three growth stages. Weed response was evaluated visually compared to the nontreated control and shoot dry weights were recorded. Fecundity was also determined. Based on visual evaluations, the dose of glyphosate required to attain 90% control of the species tested exhibited an application rate margin up to 28.5-fold compared to recommended rate, denoting a potential for rate optimization. Except for A. cristata, the recommended dose of glyphosate could be reduced by 30%-60% and still achieve 90% or greater control. The order of species sensitivity, based on effective dose 50 (ED 50 )values, was E. indica > C. album > D. sanguinalis > P. oleracea > A. cristata. The ratio of ED 90 /ED 50 was constant, indicating that increasing the glyphosate dose 8.7-fold would reduce weed biomass 1.8-fold. In most cases, the fecundity-avoidance biomass threshold (i.e., the maximum allowable weed biomass for herbicide application in order to prevent weed seed production and dispersal) for glyphosate was below the ED 90 value. Complimentary measures such as fecundity-avoidance biomass threshold will improve herbicide evaluation procedures and preserve the effectiveness of herbicides, including glyphosate, on sensitive species, an important issue particularly when action to reduce herbicide resistance development is highly required. contributed greatly to the evolution of GR weeds [2] [3] [4] . Glyphosate [N-(phosphonomethyl)glycine] is a foliar-applied, non-selective, systemic herbicide that has been used extensively throughout the world over the past thirty years [5] . It inhibits the biosynthesis of aromatic amino acids, i.e., phenylalanine, tryptophan and tyrosine, which in turn leads to plant metabolic disruptions through the inhibition of protein and secondary product biosynthesis [6, 7] .
Introduction
Weed management programs relying primarily on a single herbicide with the same mechanism of action, promote the evolution of herbicide-resistant weeds [1] . The continuous and widespread use of glyphosate, for example, since the introduction of glyphosate-resistant (GR) crops in the early '90s has Glyphosate at the recommended rate is effective on the majority of broadleaf and grass weeds species when applied at 1-2 tillers for grass weeds or 5-7 cm for broadleaf species, but we hypothesized that a higher rate may be required to control plants at later growth stages depending on the weed species. Furthermore, including weed fecundity assessment is vital in evaluating the efficacy of herbicide treatments. It has been reported that herbicide rotation alone cannot prevent the development of herbicide resistant weeds [4, 26] . Complementary measures such as fecundity-avoidance biomass threshold, i.e., the maximum allowable weed biomass for herbicide application in order to prevent weed seed production and dispersal, need to be included in the herbicide efficacy evaluation procedures and weed management programs.
Therefore, our objective, using glyphosate dose-response curves, was to re-assess the evaluation process of herbicide efficacy. In addition, based on these assessments, to recommend ways to optimize application rate margins based on key weed species, selected growth stages, and fecundity-avoidance biomass threshold. This approach could assist in preserving the effectiveness of successful herbicides such as glyphosate on sensitive weed species, an issue that is still of great importance. In addition, this approach can be applied on automated weed control and robotics technology for targeted rate-species specific applications.
Materials and Methods

Experimental Set-Up
Seeds of Anoda cristata, (L.) Schltdl. (crested anoda), Chenopodium album L. (lambsquarters), Digitaria sanguinalis (L.) Scop. (large crabgrass), Eleusine indica (L.) Gaerth (goosegrass) and Portulaca oleracea (L.; purslane) were collected from local weed populations from GR soybean fields nearby university experimental station, located in Zavalla, Pampa, Argentina (33 • 1 S, 60 • 53 W). Based on previous surveys at 5000 points-quadrats in more than 300 fields these species were the most frequent [27, 28] . Seed samples before the initiation of the experiments were stored in sealed vials at 5 • C and were sown in a 3 L plastic pot containing a commercial potting mix. Once established, weed seedlings were thinned to three per pot and were grown outdoors under a temperature range of 18-32 • C. The plants were watered as needed.
Herbicide Application
Glyphosate as isopropylamine salt (600 g ae L −1 ) was applied at 0, 0.24, 0.48, 0.96, 1.92 and 3.84 kg ae ha −1 ; with each rate logarithmically increased from a rate that caused no observable injury to a rate that caused severe damage or death as preliminary data had indicated (results not shown). Glyphosate was applied using a RDS knap-sack sprayer equipped with a hand-held boom with four TeeJet 8002 flat fan nozzles (TeeJet Technologies, Springfield, IL, USA) calibrated to deliver 140 L ha −1 at an operating pressure of 30 kPa at three weed growth stages (Table 1a ,b). Average air temperature during herbicide application was 18.1 (±0.4 • C), 21.0 • C (±1.5 • C), 20.7 • C (±0.1 • C) and 19.0 • C (±1.8 • C) and relative humidity was 78.1% (±8.3%), 86.7% (±5.0%), 85.4% (±0.5%) and 86.4% (±6.2%) for the four trials, respectively. Wind speed was less than 1 km h −1 or 0 force in Beaufort wind scale. 
Experimental Design and Data Collection
Each weed species was treated as an independent trial in a two-factor factorial design with the factors being the growth stage (i.e., three growth stages were defined for herbicide application) and application rate, in a randomized complete block design with four replications. Each species/trial was conducted four times (runs) across two growing seasons (a and b). Runs 1a and 2a were conducted in late spring, whereas runs 1b and 2b in late summer. The shoot tissue of two plants per pot were harvested 14 days after treatment (DAT), after the evaluation of weed control, which was conducted using a 0-100 scale. The shoot tissues were oven-dried at 110 • C for 72 h. and weighed. Weed response to glyphosate was expressed as dry weight relative to the nontreated plants and as % control relative to the nontreated plants.
The third plant was left in the pot until maturity, usually three to four weeks after treatment. At maturity, the plants were harvested, dried, weighed and threshed manually for seed collection. Seeds were separated from debris using meshes of various size-openings and/or a blower. The number of seeds per plant for A. cristata was determined by counting all the cleaned seeds. The total seed production per plant of P. oleracea was estimated using a linear regression model generated with the data for seed number and seed weight of four subsamples containing 10, 50, 100 and 150 seeds each. For D. sanguinalis and E. indica, the total seed production per plant was estimated by counting the seeds from 10 randomly selected spikes of each plant. Seed number per plant was expressed as % of the nontreated control.
Models Used and Data Analysis
Exponential models (Equation (1)) for each species were fitted to the weed control ratings at 14 DAT:
where y = percentage control rating; x = application rate (kg ae ha −1 ) and a and b = model parameters.
To quantify the response of weed species to glyphosate application rate a log-logistic model was fitted to the dry shoot biomass data (Equation (2)).
where Y = shoot biomass (g plant −1 ); x = rate of glyphosate application (kg ae ha −1 ); D = the upper limit of the curve asymptote; b = the rate of change (slope) near the inflexion point denoted by ED 50 .
The model was reduced from the original model proposed by Streibig and Kudsk [14] because the lower limit of the logistic function was zero (the original model involved a parameter C determining the lower boundary of the logistic curve). This is a reasonable assumption, as postulated by Madsen and Jensen [29] , as plants were killed at the highest dose. For practical weed control, the ED 90 value is more relevant than the ED 50 . Therefore, a logistic model can be reparametrized to calculate the ED 90 value (Equation (3))
where Y = shoot biomass (g plant −1 ); x = glyphosate application rate (kg ae ha −1 ); D = upper limit of the curve asymptote and b = rate of change (slope) near the inflexion point denoted by ED 90 . The number of seeds per plant was linearly related to seed dry weight in P. oleracea as described in Equation (4) which was used to estimate fecundity.
Linear models were fitted to relative seed number as follows:
where x is shoot dry weight, a and b constants, i.e., slope and seed output increase per unit of plant biomass increase.
The following equation for the estimation of seed production for C. album was used [30] :
where y = estimated seed production and x = biomass production. Arcsin transformations were used (e.g., when dependent variable was a proportion or percentage) and transformed data were then used to fit the models described above based on least squares techniques, using SPSS, Statgraphics and SigmaPlot software. Test for constant variance and residuals means square error (RMSE) were carefully observed in order to determine quality of regressions fit to data. Analysis of variance (ANOVA) between experimental runs for the weed control, biomass and ED 90 parameters, described in equations 1, 2 and 3, revealed no significant differences (p > 0.05) among the experimental runs, hence the data were pooled, and models fitted to pooled data. For seed production the data were not pooled, so each species × run was analyzed separately. Analyses of variance also were performed on each species for parameters a and b (Equation (1)) and for parameters D, b and ED 50 (Equation (2)), and ED 90 (Equation (3)) to test differences among experimental runs at p > 0.05.
Results and Discussion
Visual Evaluations of Weed Control and Glyphosate Application Rate Efficacy
Glyphosate application rate of 0.14 to 3.99 kg ae ha −1 provided 90% control averaged across growth stage 1, 2 and 3 of the five species tested at 14 DAT ( Table 2 ). The application rates recorded in this research are in agreement with Krausz and Kapusta; Mulugueta and Boerboom and Umeda and Hicks [31] [32] [33] . It is important to highlight that the interaction of species × plant size at the time of herbicide application necessitates the accurate evaluation of weed size to refine the herbicide rate for multi-species weed communities. Therefore, 1 kg of glyphosate ae ha −1 application rate could adequately control E. indica, D. sanguinalis and C. album, at any of the three growth stages tested, but not A. cristata and P. oleracea at growth stages later than 1 (Figures 1a and 2a ). The more advanced the growth stage of the weed, the higher would be the glyphosate rate needed to achieve 90% control. However, weed species per se affects the dose needed to achieve 90% control, as in the case of A. cristata and P. oleracea (Table 3) . Based on ED 90 values, the ranking of glyphosate rates may be grouped into three categories: namely, very low rates (0.14-0.50 kg ae ha −1 ) for highly sensitive species or growth stages; intermediate rates (0.61-0.96 kg ae ha −1 ) and high rates (1.27-3.99 kg ae ha −1 ) for tolerant species or more advanced growth stages. See model parameters in Table 5 . See model parameters in Table 5 . The glyphosate rates between low and high sensitivity categories differ up to 28.5-fold, indicating a wide sensitivity spectrum among the representative weed species and, consequently, a wider margin for the optimization of herbicide application rate. Based on the weed control ratings, the order of species sensitivity was C. album > D. sanguinalis > E. indica > P. oleracea > A. cristata. Sensitivity to glyphosate declined with advancing growth stages in all species (Table 3) . These findings agree with those reported by Higgins et al. [34] and Krausz et al. [31] for C. album.
Reduced Glyphosate Doses Are as Effective as the Label Recommended Rates
Environmental variation and field conditions a weed species is experiencing affect herbicide efficacy, and product label recommendations are established to account for such variations. Nevertheless, the data presented in this work suggest that it is possible to reduce the glyphosate application rate relative to the label recommendation. The recommended rate range in Argentina, for example, for the grass species tested (i.e., D. sanguinalis and E. indica) is between 0.9 and 2.1 kg ae ha −1 . Based on the control ratings, the herbicide application rates could be lowered between 0.33 and 0.90 kg ae ha −1 , the average gap rate being about 60%. Furthermore, the recommended rate for the control of C. album in Argentina ranges between 0.9 and 1.8 kg ae ha −1 whereas, based on this research, the application rate could be reduced to 0.14-0.72 kg ae ha −1 . For P. oleracea, the recommended rate range in Argentina is between 1.2 and 3.0 kg ae ha −1 ; the results presented here suggest that the rate Agronomy 2019, 9, 851 8 of 14 range may be 0.69-1.28 kg ae ha −1 , a reduction of 33%. The current recommendation rate for A. cristata in Argentina is 1.2-3.0 kg ae ha −1 similar to the results presented here for plants of small and medium sizes. However, beyond growth stage 3 the recommended rate for adequate control of A. cristata should be increased to 3.99 kg ae ha −1 . Justifications for reducing herbicide rates should be based on the fact that dominant weed species are very susceptible to the herbicide, therefore herbicide efficacy under reduced rates will provide maximum effects. Additionally, the conditions at application time, growth stage of weeds, crop vigor and climate are optimum, thus allowing for reduced herbicide rates.
Weed biomass, Species Sensitivity and the Usefulness of ED Values
The glyphosate rate needed to achieve 50% biomass reduction was ranged from 0.01 to 0.41 kg ae ha −1 (Table 4 ). In respect the individual weed species ED 50 values for D. sanguinalis ranged from 0.09 to 0.20 kg ae ha −1 and were similar to these reported by Tharp et al. [33] who calculated a value of 0.12 for plants with four to six leaves and 18-25 cm height. The ED 50 values for C. album ranged from 0.08 to 0.16 kg ae ha −1 and were comparable to the values reported by Tharp et al. [35] . A. cristata (Table 4) , P. oleracea (Table 4 and Figure 2a ) exhibited greater ED 50 values of 0.12-0.41 kg ae ha −1 whereas E. indica exhibited lower ED 50 values between 0.01 and 008 kg ae ha −1 (Table 4 and Figure 2b ). In all cases, the ED 50 for glyphosate increased as the weeds developed. The species sensitivity inferred from ED 50 values estimated using shoot biomass data ( Table 4 ) was in the order of E. indica > C. album > D. sanguinalis > P. oleracea > A. cristata. The order of species sensitivity based on ED 90 (Table 5 ) was slightly different, with E. indica > P. oleracea > C. album > D. sanguinalis > A. cristata. The relative consistency of the ratio ED 90 /ED 50 (Table 5 ), for all species tested, indicates that glyphosate rate should be increased about 8.7 times to reduce the weed biomass 1.8 times. Discrepancies in the order of magnitude may be attributed to model fitting variations. The general trend was similar since extremes of the scales were the same for ED 50 and ED 90 . It is also important to emphasize that the ratio of ED 90 (Equation (2))/ED 90 (Equation (1)) was in the average of 2.2; meaning, the herbicide required to effect 90% reduction of total biomass was 2.2 higher than that required to achieve 90% of control based on visual ratings. 
Fecundity-Avoidance Biomass Threshold Is Useful in Herbicide Efficacy Evaluations
Fecundity-avoidance biomass threshold was estimated based on seed production of nontreated weed species (Table 6 ) and Equation (5), which describes seed outputs in herbicide-treated surviving plants, the parameters of which are shown in Table 7 . Equation (5) allowed the calculation of the biomass that would result in zero seed production (i.e., x = −a/b for each species and size). This simple allometric relationship has limitations, however, because it only considers biomass production as a factor for any species to set seed. In reality, seed production is also a function of photoperiod and/or thermoperiod, tiller potential and crop density. Nevertheless, the "fecundity-avoidance biomass threshold" proposed in this study would allow the integration of the fecundity aspect in all herbicide dose-response evaluations. The data demonstrated that there was a minimum biomass for the plant to set seed (a negative intercept in a linear-allometric relationship) as intuitively seems normal, and in coincidence with Thompson et al. [36] and Rasmussen [30] and Lutman [37] . Although allometric linear relationships among seed numbers and plant weight have been determined for many plants [38] , the relationship described by Equation (5) seemed to be inadequate below a threshold size (Table 8 ); in such cases an exponential model might more reasonably describe the relationship between seed production and plant size. Rasmussen (1993) and applied to the three growth stages. 
Fecundity-Avoidance Biomass Threshold: Considerations and Boundaries
The effects of plant density on fecundity are of primary importance in population dynamics and size-regulated weed populations [38, 39] . Considering the findings in this study and in conjunction with reports by Lindquist et al. [40] and Bussan et al. [41] , who have measured the effects of herbicides and crop systems on weed survival and seed output, demographic processes should be considered in studies related to herbicide efficacy evaluations. Even if early season weed populations are killed, as in the case of Amaranthus palmeri, the late-emerged populations are still capable of producing seeds at crop harvest time [42] . The assumption that biomass reductions of weed survivors, particularly at lower herbicide rates, are accompanied by proportional reductions in flowering and seed set may be appropriate under certain circumstances. For instance, Clay and Griffin [43] reported that glyphosate rate as low as 0.42 kg ae ha −1 can reduce seed production of Xanthium strumarium L., Sesbania exaltata a (Raf.) Rybd. ex A. W. Hill and Senna obtusifolia L. These authors stated that the application of glyphosate during seed formation might affect levels of indole-3-acetic acid in the seed and inhibit seed germination and seedling emergence. Furthermore, the accuracy of seed estimation for grass weed species also needs to be improved. Forcella et al. [44] reported that viable seed production of Setaria spp. is curvilinearly related to panicle length; the frequency distribution of panicle lengths within a population closely follows a nonlinear Weibull function. These relationships are stable across years and crops, but not to species or herbicide treatment.
Fecundity-Avoidance Biomass Threshold and Glyphosate Efficacy Evaluations
The "fecundity-avoidance biomass threshold" in relation to glyphosate rate (Table 9 ) might vary according to species and growth stage. For a highly susceptible weed species such as D. sanguinalis, the glyphosate rate, at growth stage 1, could be as low as 0.23 kg ae ha −1 . For less sensitive weeds species such as A. cristata and P. oleracea, glyphosate rates, at growth stage 3, were between 0.90 and 1.11 kg ae ha −1 . The inclusion of the "fecundity-avoidance biomass threshold" in weed control strategy shows that glyphosate rate reduction, especially for tolerant species in advanced growth stages, was not feasible. Table 9 .
Estimated glyphosate rates (derived from data of Table 9 on Equation (2)) for "fecundity-avoidance biomass threshold". [45, 46] . The environmental and crop conditions in which the weed is growing may also influence the degree of herbicide efficacy. Ateh and Harvey [47] , for example, found that control of Setaria faberii Herrm in narrow-row soybean was very high (>90%) at all rates and times of glyphosate application; however, in wide-row soybean, the lowest rate (0.210 kg ha −1 ) did not control the weed. The application rates of herbicides are established to ensure control of as many weed species as possible under conditions that may be less than optimal for herbicide activity [48] . Herbicides applied at lower than the recommended rates can control susceptible weed species if applied at an optimal growth stage in favorable growing conditions [49] and [50] . Nevertheless, as reported by Renton et al. [51] careful consideration is needed as lowering the herbicide rate can lead to faster development of herbicide resistance.
Fecundity
Conclusions and Implications
Under field conditions many interlinked factors affect the efficacy of herbicides (Doll et al. [52] ) and some situations necessitate a full rate. The best agronomic practices (e.g., reducing row spacing, planting fast LAI-development varieties and optimum plant population) are necessary to improve the performance of low herbicide rates. Dose-response parameters are highly sensitive to changes in management and development of the crop weed canopy [41] . Crop rotation, in combination with reduced tillage, significantly decreases the seed production of grasses and broadleaved weeds regardless of the level of management input applied [53] . Further, weed species emerged simultaneously in the field; thus, the field rate should be targeted to the most tolerant species. Nevertheless, our findings emphasized that rates were weed-and size-specific and for that matter, effective control of tolerant species was most particularly dependent on weed size. Thus, weed size should be reported precisely, as proposed by Lancashire et al. [54] and should be linked with fecundity-avoidance biomass threshold for improving evaluations on herbicide efficacy, hence weed management programs. Improving product labeling concerning the precision of herbicide recommendation rates could improve the evaluation of herbicide efficacy. Discrepancies in the glyphosate rates needed to achieve a certain control level and have reported in the literature may be due to considerable variation in weed sizes. Recent research has shown that digitized photographs of very detailed sizes, for example, are a useful tool to overcome this difficulty. In addition, models that predict patterns of weed emergence, coupled with size estimation [55] , are of most importance to refine herbicide rate recommendations for different cropping systems. The development and further refinement of such information is of major importance towards a justified use of herbicides. Future robotic weed control systems will be able to collect data about the presence of weeds, facilitate storage and analysis of those data, support decision making about when and where to control weeds by using image recognition software, execute weed control
